A convenient and rapid method for the purification of Streptococcus mutans dextransucrase is described. Affinity chromatography, on a column containing insoluble dextran purified from a culture of S. mutans 6715-49, gave an almost 300-fold purification, with 76% recovery of enzyme. Subsequent hydrophobic chromatography on butyl-agarose increased the overall enzyme purification to more than 1,000-fold, with a 65% recovery of activity. Two components of the dextransucrase activity were separated during hydrophobic chromatography. Both synthesized insoluble glucan as their major product and were capable of synthesizing soluble glucan in the presence of exogenous soluble dextran. However, the major enzyme component, which coeluted with a catalytically inert, dextran-binding protein, was greatly stimulated by exogenous soluble dextran, whereas the second enzyme component was not.
The recognition of the essential role of insoluble dextran synthesis in plaque formation by Streptococcus mutans has led to increased interest in the dextransucrase elaborated by this cariogenic microorganism. Guggenheim and Newbrun (6) first suggested that multiple forms of S. mutans dextransucrase, each forming a specific a-glucosidic linkage, might mediate the synthesis of the complex insoluble dextran produced by S. mutans. Subsequently, several partial purifications of S. mutans dextransucrase were reported (1, 2, 4, 12, 14) , most of which produced a heterogeneous enzyme preparation (electrophoresis) representing only a small portion of the original enzyme activity.
A high recovery of enzyme activity and purification of the enzyme or its multiple forms to homogeneity would facilitate an unequivocal evaluation of the mechanism of dextran synthesis. The binding of S. mutans dextransucrase activity to insoluble dextran synthesized by S. mutans and the subsequent resolubilization of the bound activity by low-molecular-weight dextrans (8) suggested a ready means for purifying the enzyme. In this paper we describe a simple and rapid scheme for the purification of dextransucrase, utilizing affinity chromatography on an insoluble dextran column followed by hydrophobic chromatography.
MATERIALS AND METHODS Propagation of cells. S. mutans 6715-49 and other strains, obtained from the Dental Research Unit, Veterans Administration Hospital, Miami, Fla., were grown in glucose-supplemented cultures as previously described (8) . Cultures grown for 18 h were centrifuged at 12,000 x g for 20 min at 4°C, and the culture liquor was used as a source of dextransucrase activity.
Small volumes of culture liquor were pumped directly onto the insoluble dextran affinity column, but for large volumes it was more convenient to concentrate the dextransucrase by adding solid (NH4)2SO4 to 50% saturation and dissolving the precipitated enzyme activity in a one-tenth volume of 50 mM sodium phosphate solution, pH 6.0.
Preparation of the affinity chromatography column. Insoluble dextran was prepared from a sucrose-grown S. mutans K1-R culture, as described previously (9) . Bio-Gel P2 beads (Bio-Rad Laboratories, Richmond, Calif.) were hydrated and washed in 0.02% sodium azide solution and allowed to settle in a measuring cylinder for about 1 h. A suspension of the insoluble dextran (200 mg/50 ml) was mixed with the settled Bio-Gel P2 (100 ml) to make a slurry sufficiently thick to prevent layering (resorting) of the dextran and Bio-Gel particles when the column was poured. A 2-to 3-cm-high bed of Bio-Gel P2 was poured in a chromatography column (1.6 by 40 cm) (Pharmacia Fine Chemicals, Piscataway, N.J.), and the slurry of insoluble dextran and Bio-Gel P2 was poured on top of this supporting bed to a final bed height of 35 cm. The column was washed overnight with 0.02% sodium azide solution at a flow rate of 30 ml/h and was maintained at this concentration of azide when not in use. One such column was used repeatedly for over a year.
Preparation of the hydrophobic chromatography column. The method of Shaltiel and Er-el (15) was used for the preparation of butyl-agarose beads from butylamine (Eastman, Rochester, N.Y.) and Sepharose 4B (Pharmacia Fine Chemicals), with the fol-lowing modifications. Cyanogen bromide was dissolved in distilled water before addition to Sepharose 4B, the time for cyanogen bromide activation of Sepharose 4B was extended from 10 min to 1 h, and 50 mM NaCO3 buffer, pH 9.5, was used to wash the activated Sepharose and in the subsequent coupling reactions. Butyl-agarose was washed and stored at 2°C in 50 mM NaCO3, pH 7.0, containing 0.02% sodium azide. Columns of butyl-agarose were poured in chromatography columns (0.9 by 10 cm) (Pharmacia Fine Chemicals) to a height of 4 cm.
Affinity chromatography. Crude enzyme (600 ml) obtained from 6 liters of culture liquor by precipitation with (NH4)2SO4 was pumped onto the Bio-Gel P2-insoluble dextran affinity chromatography column at a rate of 80 to 100 ml/h. The column was washed overnight with 0.02% sodium azide solution at 30 ml/h to remove material not bound by insoluble dextran. The column was then eluted with a solution of clinical dextran (0.5 mg/ml; Nutritional Biochemicals Corp., Cleveland, Ohio), containing 0.02% sodium azide, at a rate of 20 ml/h or less. The column effluent was monitored at 280 nm throughout chromatography, and 3-ml fractions were collected. The entire procedure was carried out at room temperature (23°C). Fractions were assayed for dextransucrase and levansucrase activities as described below, and protein content was determined by the Lowry method (7) or estimated by absorbance at 260 and 280 nm. Eluted fractions containing dextransucrase activity were pooled.
Hydrophobic chromatography. The dextransucrase pool obtained by affinity chromatography was applied at room temperature (23°C) to the butylagarose column by gravity flow. The column was washed with several bed volumes of 0.02% sodium azide solution and eluted with a linear gradient of NaCl (0 to 0.3 M in 0.02% sodium azide). The column effluent was monitored at 280 nm, and fractions of 1 ml were collected. Fractions were assayed for dextransucrase activity and protein content.
Electrophoresis. Enzyme fractions were analyzed by the polyacrylamide gel electrophoresis technique of Davis (3) with stacking gels omitted. Gels were stained for protein with Coomassie brilliant blue R-250 (Bio-Rad Laboratories). Dextransucrase activity was detected by incubating the gels overnight at 37°C in a solution containing 1% purified sucrose and 50 mM sodium phosphate buffer, pH 6.0. After incubation, the gels were fixed in 7.5% glacial acetic acid. The appearance of white bands of dextran in the gels indicated the location of enzyme activity. Gels incubated in the same reaction mixtures for 4 h were used to detect the release of ketose-reducing sugars by the method of Gabriel and Wang (5 Dextranase activity was assayed by incubation of enzyme preparations in dextran-containing reaction mixtures identical to those described above except that sucrose was omitted. After 2 to 24 h of incubation at 37°C, the release of reducing sugars was measured by a modified Nelson method (13) . Invertase activity was assayed as described by McCabe et al. (11) .
RESULTS
Affinity chromatography. Figure 1 shows the fractionation on a Bio-Gel P2-insoluble dextran column of a crude (NH4)2S04 dextransucrase preparation from the culture medium of S. mutans 6715-49. No enzyme activity passed through the column during application of the enzyme or during the extensive washing that followed. However, dextransucrase activity associated with a single protein peak was eluted when the column was irrigated with a solution of clinical dextran (0.5 mg/ml). The emergence of enzyme activity from the column coincided with that of the applied dextran solution. The dextransucrase activity recovered in this peak contained 76% of the enzyme activity applied to the column and possessed a specific activity of about 4 IU/mg of protein (Table 1) . Activity was not eluted by irrigation of the charged column with solutions of ethylenediaminetetraacetic acid (0.1 M), NaCl (0.5 M), 1-O-methyl-a-D-glucopyranoside (methyl a-glucoside; 1 mg/ml), or maltose (1 mg/ml), although the subsequent application of the clinical dextran solution (0.5 mg/ml) readily desorbed the enzyme. In a control experiment no dextransucrase activity was adsorbed or retarded on a column containing only Bio-Gel P2. In this case, all of the applied activity was recovered in the void column. Chromatography at 4°C did not increase enzyme recovery; therefore, the column was run routinely at room temperature (23°C). The flow rates during enzyme application and washing of the column had no effect on enzyme recovery, but a high flow rate during elution with clinical dextran greatly decreased recovery of the enzyme. Elution flow rates of 20 ml/h or less were necessary to obtain high recoveries of enzyme. Levansucrase activity in the culture liquor was eliminated by (NH4)2SO4 fractionation or, in the case of unfractionated culture liquor, was not retained by the affinity column. Hydrophobic chromatography. When the pool of dextransucrase activity from the BioGel-insoluble dextran column was applied to the butyl-agarose column, dextran passed through the column and was quantitatively recovered, whereas the dextransucrase activity was completely retained by the column (Fig. 2) . Elution with an NaCl gradient produced a peak of protein and dextransucrase activity, representing a 1,057-fold overall purification and 65% recovery of the activity present in the original culture supernatant ( Table 1 ). The protein peak exhibited a shoulder including several fractions with low enzyme activity, which preceded the major enzyme-containing fractions (Fig. 2) . Overall recovery is based upon total enzyme recovered, although the initial fractions (60 to 70) containing low enzyme activity were subsequently pooled and analyzed separately. This minor activity is referred to as component 1, and the major activity is designated component 2.
Electrophoresis. Proteins obtained from the Bio-Gel-insoluble dextran column and the butyl-agarose column were analyzed by polyacryl- Chromatography on a butyl-Sepharose 4B column of the dextran-sucrase activity eluted from the insoluble dextran affinity column (Fig. 1). amide gel electrophoresis in 7% acrylamide and by sodium dodecyl sulfate-gel electrophoresis in 10% acrylamide, after dialysis against several volumes of distilled water. Representative gels are shown in Fig. 3 . The enzyme peak from the insoluble dextran column exhibited a major protein zone at the origin of the gels (zone 4, Fig. 3B ) and a major protein zone that penetrated 1 cm into the gels (zone 2, Fig. 3B ). Dextransucrase activity was associated with both of these proteins, but a minor protein zone that penetrated 2 cm into the gels (zone 1, Fig.  3B ) did not produce a dextran band or release ketose-reducing sugar when the gel was incubated with sucrose and did not incorporate [14C]glucose when the gel was incubated with [14C]sucrose. This protein zone was not detected in the minor enzyme activity, component 1, eluted from the butyl-Sepharose column but was present as a catalytically inert major protein after electrophoresis of the major activity, component 2 (Fig. 3) . The single enzymatically active protein zone that penetrated the gel in component 1 (zone 3, Fig. 3B ) migrated at a slower rate during electrophoresis than the major migrating zones in component 2 (zones 1 and 2, Fig. 3B ). Electrophoresis in sodium dodecyl sulfate-gels revealed the presence of a single major protein zone in component 1, corresponding to one of two major protein zones in component 2. Both components also contained several minor protein zones.
Although the enzyme activities separated by hydrophobic chromatography (components 1 soluble dextran ( Table 2) . Component 1 syntheand 2) both synthesized insoluble glucan in the sized increased levels of soluble glucan (fivefold absence of exogeneous soluble dextran, they higher) at the expense of insoluble glucan when differed in their response to the presence of soluble dextran was present, whereas compo-VOL. 16, 1977 Cm---A -0 I --.
-" " Enzyme activities of components 1 and 2 adjusted to facilitate synthesis of similar quantities of glucan in the absence of soluble dextran were incubated for 30 min at 37°C in digests (250 ,1.) containing soluble dextran as indicated and [14C]sucrose and sodium phosphate buffer as described in Materials and Methods. Samples were taken before and after centrifugation (37,000 x g for 10 min, 0°C) for determinations of the total and soluble glucan synthesized, respectively. The difference between these was used to quantitate the synthesis of water-insoluble glucan. nent 2 continued to synthesize insoluble glucan in a slightly greater amount but greatly increased its synthesis (about 25-fold) of watersoluble glucan.
DISCUSSION
The combined use of affinity chromatography and hydrophobic chromatography described above is a highly selective means for rapid purification of S. mutans dextransucrase. Routine purifications of dextransucrase from 6 liters of culture liquor were completed in 2 days. Purification from smaller volumes required even less time. The yield of purified enzyme in several dozen preparations was about 65%, although, occasionally, yields as low as 12% and as high as 90% were obtained. In addition to removing inert protein and, hence, increasing the purity of the enzyme, the hydrophobic chromatography step served to separate soluble dextran (which passed through the butyl-agarose column) from the enzyme (which was retained by the column).
Dextransucrase purified by this method has no detectable invertase, levansucrase, or dextranase activity (data not shown), and the recovered activity presents two-thirds of the initial (crude) enzyme activity. This contrasts with the preparation of Fukui et al. (4) , which possessed an invertase-like activity, and with the enzyme preparations of Mukasa and Slade (12) and Scales et al. (14) , who reported copurification of dextransucrase and levansucrase activities. Mukasa and Slade (12) suggested that a high-molecular-weight complex of dextransucrase and levansucrase may be required for sucrose-induced cell-to-surface adherence. However, dextran synthesized by the enzyme preparation described here is readily bound by cells of S. mutans and induces cell-tosurface adherence (unpublished data).
The nature of the two enzyme activities obtained from the butyl-agarose column remains undefined and is presently under further investigation. The presence of the inert, dextranbinding protein in component 2 may be an important factor governing the response of the enzyme activity to the presence of exogenous soluble dextran. However, since this apparently inert protein has also been obtained from cell sonic extracts devoid of dextransucrase activity (10), it cannot be precluded that the protein is involved directly in the binding of dextran and glucan to cell walls.
